'1)Dimensions for the unified standzu-dthreads studied in this paper are defined in inches. To be consistent with these dimensions, English units are used as the primary measure. Where appropriate, the metric unit equivalent has been included in parentheses.
Introduction
Threaded fasteners used in the assembly of structural components are often subjected to high loads that can cause cractig and fracture. Failure processes typically involve crack initiation at a thread root and propagation across the fastener by fati~me or stress corrosion cracking. Final separation occurs when a critical crack size, controlled by the material's toughness, is crack growth reached. Accurate stress intensity factor (K) solutions are required to predict rates and fracture conditions under prototypic loading conditions.
The goal of this study is to calculate nondimensional K values for continuous circumferential cracks emanating from the thread root region of standard thread forms. This crack configuration is applicable to fasteners subjected to uniform membrane stresses, particularly when the material is susceptible to cracking such that multiple cracks initiate around the circumference. These multiple cracks ultimately link together to form a continuous circumferential crack.
In this study, fiite element method (FEM) analyses were performed to develop nondimensional K solutions for standard coarse thread-forms. Assumed loading conditions include both remote tension and nut loading (see Figures 1 and 2) , whereby the applied load was reacted at the thread flanks. The effects of thread root radius on K were also evaluated.
In addition, K solutions were developed for continuous circumferential cracks emanating from single notches and smooth surfaces. The resulting K solutions were compared with available solutions for threaded fasteners, 'l-n notched round bars(s) and smooth bars. (s-lo) Numerical Analysis Methods '11) was used to calculate K solutions for continuous cracks in threaded An FEM program fasteners and notched bars. The program uses eight node isoparametric quadrilateral elements and a strain energy release rate (G) method to calculate stress intensity factors. The method allows the stress intensity factors to be calculated as a function of crack depth for a given geometry with one computer run. Multiple runs with special crack tip elements being located at different crack depths are not necessary to obtain the stress intensity factor vs. crack depth relationship with this strain energy release method.
To calculate the stress intensity factors, the corner and midside nodes of a finite element along the specified crack path are released to simulate an increment of crack extension (As), equal to the length of the side of the finite element. As nodes are released, nodal displacements and nodal forces along the path are computed. The strain energy released for each crack extension increment is then calculated using the nodal forces prior to the node release and the nodal displacements obtained as a result of the release. Repeated application of this algorithm yields G as a function of the crack depth "a". The corresponding values of K are computed by the following equation:
where: E = elastic modulus v = Poisson's ratio. Table 1 . The notch models provide stress intensity factors for threads and thread flank loading. the thread geometry without the complications of multiple
The third set of models, shown in remote tension. The stud has a reduced Figure 1 , represents threaded studs subjected to shank diameter and six threads are modeled. A uniform axial load is applied to the shank and the stud is fixed vertically at the bottom. The crack plane is located at the root of the second thread from the shank. The fourth set of models, see Figure 2 , represents engaged fasteners. As shown in Table 1 , the engaged len=gh is approximately one thread diameter with five to nine engaged threads being modeled. An axial load is applied to the shank and the top surface of the nut is fixed vertically. The crack plane is located at the frost engaged thread. One unengaged thread is located before and after the engaged threads. Figure 3 shows the mesh detail at the thread root. Approximately 7000 quadrilateral elements are in the model. A mesh refinement study showed no significant difference in the K values in using 10 to 30 elements at the thread root. The models used for this study had 20 elements at the cracked thread root. The overlapping stud and nut thread flank nodes were tied together to transmit the thread loads to the nut. This prevents any slippage along the thread flank surfaces.
The axisymrnetric models used in this study assume that threaded fasteners consist of a series of parallel notches, rather than a continuous helix. The effect of ignoring the helix shape on the Mode I stress intensity factor is judged to be small, particularly since the helix gles are small.
The results from all four FEM models have been normalized based on the crack depth as measured from the surface of the smooth bar or from the notch or thread root. The notch or thread depth has not been included in the normalization of the results.
Results

Cracks in Smooth Round Bars
The accuracy of the FEM analyses was verified by comparing calculated K solutions for smooth and notched round bars with literature solutions. '8-10)The nondimensional K solution developed in this study for a continuous circumferential crack in a round bar loaded by a uniform far field stress is given by: The regression constants for the notched geometries are given in Table 2 .
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Figure 6 compares K/oin a values obtained using Equation (3) and Lefort's solutions for a continuous circumferential crack emanating from a single notch with a 1-8 UNC thread geometry and a 0.012 inch (O.305 mm) root radius. The theoretical stress concentration factor (KJ for this geometry, which is needed to calculate K per the Lefort solution, was estimated to be 4.6. (12) It is seen that the nondimensional K solution given by Equation (3) is in excellent agreement with that developed by Lefort.
Cracks in Threaded Fasteners
Nondimensional K solutions for threaded fasteners with continuous cracks subjected to remote loading are provided in Figure 7 . The general trends are seen to be similar to those described earlier for notched bars. Intermediate size fasteners, with thread sizes ranging from %13 UNC to 2-4.5 UNC, exhibit similar K solutions because their thread root geometries scale proportionally. As a result, a single K solution provides an adequate fit of the K/oin a values for these fasteners. When a/d is less than 0.06, K/o/na values for the Z-20 UNC thread are slightly higher, so a separate K solution was developed for this thread geometry.
Normalized K values for the 4-4 UNC fastener under remote loading tend to be slightly lower than those for the intermediate sized fasteners at a/d values less than 0.04, so a separate solution was developed for this geometry.
Nondimensional K solutions for threaded fasteners subjected to nut loading, which are provided in Figure 8 , show the same general trends as the remote-loaded notches and threads.
The normalized K levels are seen to be independent of thread form at all a/d values.
Therefore, ashgle Ksolution wasused to fit K/oinavdues fornut-loaded tieads. Due to model size limitations in the FEM program, an FEM solution for the 4-4 UNC faster with nut loading could not be obtained.
The nondimensional K solutions for fasteners subjected to remote or nut loading have the same form as Equation 3, and the regression constants are given in Table 2 . These solutions are valid for crack depths ranging from 0.3 % to 40% of the minor diameter.
The comparison in Fi=we 9 of K solutions for remote-loaded and nut-loaded fasteners and remote-loaded notched bars shows some interesting trends. For a/d values greater than 0.25, K solutions are independent of thread and notch geometries and loading conditions, but differences in K solutions are apparent at shorter crack depths. In this regime, nondimensional K values for the remote-loaded threads are significantly lower than those for a single notch, and the minimum value occurs closer to the thread root. This is because the smaller diameter fastener shank and preceding thread shield the crack from the full stress concentration effect of a notch.
The influence of nut loading becomes significant when a/d is less than 0.2, and the magnitude of this effect is seen to increase with decreasing crack depth. At a/d values below 0.02, nut loading increases K by about 50%. It is interesting to note that K solutions for nutloaded threads and remote-loaded notched bars are similar. By coincidence, it appears that the increase in local stresses due to nut loading is comparable to the stress concentration effect of a single notch.
While Fi.we 9 shows that the nut loading effect is significant, it is much lower than that reported by Toribio, et al., (4'5) who studied the influence of nut loading on threaded fasteners with surface cracks. They found that nut loading increases K by about 80% to Table 2 for nut-loaded fasteners were generated for J/D = 1.
Based on these trends, it is concluded that differences in the assumed loading conditions are responsible for the different nut-loading effects reported herein and by Toribio, et al.(4'5) The loading of just the first two threads adjacent to a crack (1/D = 0.25) represents a very conservative stress state that results in overly conservative estimates of K, as noted by
Toribio.(4) The present analysis is judged to be slightly conservative because local plasticity effects are expected to produce a more even stress distribution for the first few engaged heads, in comparison to the current linear-elastic analysis where the first engaged thread carries a higher percentage of the load. 
Comparison of K Values for Threaded Fasteners and Smooth Bars
Thread Root Radius Efects
A sensitivity study of thread root radius (p) effects on K values was conducted for a 1- 
Fully Blunt Root Radius:
Comparison of K Solutions for Threaded Fasteners w"th Literature Results
Fiame 11 compares the present nondimensional K solutions for a 1-8 UNC threaded When a/d is greater than 0.04, K values for continuous cracks are much greater than those for straight or semi-elliptical shaped cracks due to differences in net section stress as the noncracked ligament for a continuous crack quickly decreases with increasing crack depth This is apparent in Figure 11 as the K solutions for the two types of cracks diverge with increasing crack depth. It is also seen that the K solutions developed by Cipolla(l) for straight-fronted cracks and Toribio et al. (3)for semi-circular and semi-elliptical cracks and the composite solution developed by James and Mills(G)are in good agreement.
Conclusions
1.
Closed-form nondimensional K solutions were developed for continuous circumferential cracks in UNC threaded fasteners subjected to remote loading and nut loading. The K solutions are valid for a/d values ranging from 0.003 to 0.4 for both loading conditions.
2. An evaluation of thread root acuity effects showed that root radius has no effect on K when the crack depth exceeds 2% of the minor diameter. A root radius correction factor was integrated into the closed-form solutions that enables K to be computed for a shallow crack emanating from a thread root with an arbitrary radius.
3.
For continuous circumferential cracks, it was found that no significant differences exist Table 2 .
Nondimensional K solutions for a continuous circumferential crack in a threaded fastener subjected to nut loading. The correlation equation for K/ oin a as a function of a/d, as represented by the line, is provided in Table 2 .
Comparison of nondimensional K solutions for a notched round bar under remote tension and threaded fasteners under remote tension and nut loading. Regression constants for each curve are provided in Table 2 .
Root radius correction factors for a 1-8 UNC threaded fastener subjected to nut loading. .q+re
where: a = crack depth, measured from root of notch or thread d = minor diameter of notch or thread Table 2 . Table 2. THR4.jnb
